Non-orthogonal multiple access (NOMA) is a promising multiple access technique for beyond fifth generation (B5G) cellular wireless networks, where several users can be served on a single time-frequency resource block, using the concepts of superposition coding at the transmitter and selfinterference cancellation (SIC) at the receiver. For terrestrial networks, the achievable performance gains of NOMA over traditional orthogonal multiple access (OMA) are well-known. However, the achievable performance of NOMA in aerial networks, compared to terrestrial networks, is not well-understood. In this paper, we provide a unified analytic framework to characterize the outage probabilities of users considering various network settings, such as i) uplink and downlink NOMA and OMA in aerial networks, and ii) uplink and downlink NOMA and OMA in terrestrial networks. In particular, we derive closed-form rate outage probability expressions for two users, considering line-of-sight (LOS) Rician fading channels. Numerical results validate the derived analytical expressions and demonstrate the difference of outage probabilities of users with OMA and NOMA transmissions. Numerical results unveil that the optimal UAV height increases with the increase in Rice-K factor, which implies strong line-of-sight (LOS) conditions.
I. INTRODUCTION
Unmanned aerial vehicle (UAV)-enabled wireless communications is indispensable for seamless functioning of the emerging fifth generation or sixth generation networks [1] , [2] . In contrast to terrestrial cellular networks, the distinct features of UAV networks include wider coverage, three dimensional flexible deployment, line-of-sight (LOS) transmissions, and swift on-demand deployment and removal of UAVs [3] , [4] . The performance gains of UAV-enabled wireless communications are quite evident in the existing literature with orthogonal multiple access (OMA) transmissions. Nevertheless, to achieve massive connectivity in aerial networks, non-orthogonal multiple access (NOMA) is another potential technique that can serve multiple ground users at the same time/frequency/code domain, but with different power levels [5] , [6] . However, the gains of NOMA in aerial networks (when compared to terrestrial networks) are not comprehensively explored taking M. Monemi was a visiting research Professor in the York University, Canada. This work was supported by the Discovery Grant from the Natural Sciences and Engineering Research Council of Canada (NSERC).
978-1-7281-5320-9/20/$31.00 c 2020 IEEE into account the distinct channel features such as 1) line-ofsight (LoS) Rician fading in aerial networks compared to non-LOS (NLOS) Rayleigh fading in terrestrial networks, and 2) aerial and terrestrial path-loss models.
In what follows, we highlight the existing literature focusing on the uplink and downlink NOMA in UAV networks. In [3] , the authors have considered a downlink UAV-assisted NOMA network of two users. By adopting Rician fading for LOS UAV-to-ground links, the relative performance between NOMA and OMA was analyzed. In [7] , the authors have focused on optimizing the altitude of the UAV by employing the outage sum rates in a multi-antenna UAV downlink NOMA network. In [8] , for downlink UAV NOMA networks, the problem of max-min rate optimization under the constraints related to UAV altitude, the amount of power, and bandwidth allocated to users was considered. In [9] , a user pairing and power allocation scheme was presented to maximize the sumrate of users and reduce the energy consumption of the UAV. In [10] , joint trajectory design and resource allocation problem was formulated and solved considering both OMA and NOMA modes. In [11] , the cyclical NOMA was introduced for UAV networks wherein the UAV's flight cycle was divided into several time slots and the minimum throughput of all ground users was maximized, by jointly optimizing user scheduling and UAV trajectory.
Very few existing works have studied the performance of uplink NOMA in UAV networks due to the distinct desired and interference channel statistics. In [12] , the authors studied uplink UAV-assisted backscatter networks, wherein the UAV acts both as a mobile power transmitter and as an information collector. A resource management scheme was proposed to maximize the number of successfully decoded bits while minimizing the UAV's flight time and optimizing its altitude. In [13] , an uplink NOMA transmission scheme for multi-UAV aided IoT networking system was proposed, wherein the objective was to maximize the total uplink capacity while optimizing the subchannel assignment, the uplink transmit power of IoT nodes, and the altitude of UAVs. In particular, a clustering method was proposed to group IoT nodes and a low complexity algorithm was designed for efficient subchannel assignment based on the results from clustering. Finally, in [14] , maximum stable throughput for uplink NOMA was investigated. By expressing the stability condition in terms of UAV's hovering altitude, beamwidth, and traffic intensity, a stabilizing algorithm was devised which recursively controls users' access, and adjusts the altitude and beamwidth.
As in the aforementioned research works, the gains of NOMA over OMA are typically investigated in either downlink or uplink. Different from the literature, this paper provides a unified analytic framework to characterize the outage probabilities of users considering various network settings, such as 1) uplink and downlink NOMA and OMA in aerial networks, and 2) uplink and downlink NOMA and OMA in terrestrial networks. The rate outage probability expressions consider line-of-sight (LOS) Rician fading for aerial transmissions and non-line-of-sight (NLOS) Rayleigh fading for terrestrial transmissions. Numerical results validate the derived analytical expressions and demonstrate the difference of outage probabilities of users in both the aerial and terrestrial networks. Numerical results unveil that the optimal UAV height increases with the increase in Rice-K factor, which implies strong lineof-sight (LOS) conditions. Also, the results demonstrate that the NOMA gains are evident for low to moderate values of target spectral efficiency in aerial networks. On the other hand, in terrestrial networks, NOMA gains can be observed for higher values of target rate threshold.
II. SYSTEM MODEL AND ASSUMPTIONS A. System Model
We consider a NOMA network for the downlink and uplink transmissions. For either of the uplink and downlink transmission, we consider either terrestrial or aerial UAV base stations (BSs). Fig. 1 shows the downlink and uplink NOMA for UAV network, respectively. The terrestrial or UAV BS communicates with two ground users U 1 and U 2 according to the NOMA transmission principle. We assume that the spectrum resources at UAV for the uplink communication with the users and for the backhaul are orthogonal. Due to high complexity of successive interference cancellation (SIC) with multiple users in NOMA, we focus on the two-user case and defer multi-user case for future works.
We consider three-dimensional Cartesian coordinates (x, y, z) where the ground plane is represented by (x, y, 0). We have N users who are randomly located in the coverage area of the UAV (or terrestrial BS). Out of N users, two users U 1 and U 2 are the users with minimum and maximum distance r min and r max from the cell-center, respectively, and thus, their distances from the UAV can be given as follows:
Based on the above, we can generalize the Euclidean distance from the ground users U 1 and U 2 to UAV, respectively, as follows:
where r i = x 2 i + y 2 i . For the case of terrestrial BS, we can simply substitute h = 0 and thus we have d i = r i . 
B. Channel Model
Following [15] , the wireless channels between ground users and UAV are assumed to experience large-scale path-loss and small-scale quasi-static frequency non-selective fading.
1) Path-Loss and Fading for Terrestrial Links: For the case of terrestrial BS, the fading for user i is generally assumed to be Rayleigh denoted by Φ i whose probability density function (pdf) and cumulative distribution function (cdf) of (power) channel gain are expressed, respectively, as follows:
where λ i is the fading parameter for user i. The large-scale path-loss is expressed (in dB) as follows:
where β = 20 log 10 4πfc c + η in which f c is the carrier frequency, c is the speed of light, and η is a constant depending on the environment. The corresponding terrestrial channel gain is obtained by
2) Path-Loss and Fading for Aerial Links: For the case of UAV BS, each user i establishes aerial link with Rician fading denoted by χ i with two degrees of freedom. The pdf of user χ i is thus expressed as follows:
where I o (·) is the zeroth-order modified Bessel function of the first kind, and Ω i and K i are referred, respectively, as the fading power and Rician shape factor for user i. The corresponding cdf is expressed as follows:
where
I o (ax)dx denotes the Marcum Q-function of first order [3] . The large-scale aerial path-loss is expressed (in dB) as follows:
We have A = η LOS − η NLOS and B = 20 log 4πfc c + η NLOS in which η LOS and η NLOS are the losses corresponding to the LOS and non-LOS reception depending on the environment. The probability of LOS is represented as [16] :
where a and b are constant values based on the choice of the urban environment. Finally, the corresponding aerial channel gain is given by
III. TERRESTRIAL AND AERIAL NOMA VS. OMA
In this section, we first briefly review the uplink and downlink NOMA principles for uplink and downlink scenarios. Then, we characterize the performance of users in NOMA and OMA considering terrestrial (ground BS) and aerial (UAV BS) networks for both the uplink and downlink scenarios. We consider Rician fading for aerial NOMA network and Rayleigh fading for terrestrial NOMA network.
A. Principles of Uplink and Downlink NOMA
Consider a network consisting of a cluster of NOMA users. In the downlink scenario, the total downlink transmit power of BS for a cluster of NOMA users is limited to a maximum allowed power level. The BS transmits the super-imposed signal of NOMA users, while allocating higher and lower power levels to far and near users, respectively. Here, the near user performs successive interference cancellation (SIC). Subsequently, the highest channel gain user cancels all intracluster interferences, whereas the lowest channel gain user receives the interferences from all users within its cluster.
Different from the downlink scenario where the total downlink transmit power is limited, in the uplink scenario, the transmit power level of each user is independently limited to the user's maximum allowed power. Thus, the receiving power from the strongest user is likely the strongest at the BS. Therefore, the strongest user is decoded first at the BS and thus this user experiences the interference from all relatively weaker users in the same NOMA cluster, whereas the weakest user receives no interference from other users.
B. Terrestrial and Aerial OMA: Spectral Efficiency
For both the uplink and downlink OMA transmissions, the channel capacity of user i for the terrestrial and aerial scenarios is obtained, respectively, as follows:
where P i is the normalized uplink (or downlink) transmit power of for user i with respect to the receiver noise power (i.e., P i = P t i /n 0 where P t i is the uplink (or downlink) transmit power for user i and n 0 is the receiver noise power), G t and G a denote the terrestrial and aerial channel power gains given by (6) and (11), respectively, and Φ i and χ i are Rayleigh and Rician fading for user i respectively. Here, the coefficient 0.5 is used to denote that half of the time is allocated to each user. For example if the time-divisionmultiple-access (TDMA) is employed, each of the two users is only allowed to access half of the time resource. Otherwise the orthogonality assumption is not valid.
C. Terrestrial and Aerial NOMA Spectral Efficiency
In what follows, for the terrestrial and aerial cases, we study the downlink and uplink NOMA separately.
1) Downlink NOMA: Let U 1 and U 2 be strong and weak users respectively (i.e., users with strong and weak channels are referred as near and far users respectively). Also let P = a 1 P + a 2 P be normalized aggregate downlink BS transmit power for U 1 and U 2 with respect to noise power, where a 1 P and a 2 P are normalized transmit powers for U 1 and U 2 , respectively. Note that we have a 1 + a 2 = 1.
The terrestrial downlink NOMA spectral efficiencies of U 1 and U 2 are given by
and the corresponding spectral efficiencies of U 1 and U 2 in aerial downlink NOMA are given as
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As seen in (14) and (16), U 1 is exposed to no interference since it performs SIC. On the other hand, the weak user (i.e., U 2 ) is exposed to the interference from the downlink transmission of U 1 , as can be seen from (15) and (17) . The users' spectral efficiencies in aerial and terrestrial NOMA are distinct due to their path-loss models and fading channels.
2) Uplink NOMA: In uplink NOMA, there exists two major differences compared to the downlink NOMA. That is, each user has his own transmit power constraint, thus we do not have the power allocation coefficients as in the downlink NOMA. Besides, as opposed to the downlink NOMA, here the stronger user receives interference from the weaker user as the BS decodes the signal of strongest user first. Therefore, the terrestrial spectral efficiencies for uplink NOMA are expressed in the following equations:
and the corresponding spectral efficiencies for aerial uplink NOMA are given by
D. Analytical Outage Probability Expressions
Let R th be the target spectral efficiency threshold of user i ∈ {1, 2}. The NOMA outage probability is then defined as the probability that user i does not achieve its target-spectral efficiency threshold, i.e.,
where C i can be either of the spectral efficiencies of uplink/downlink terrestrial/aerial NOMA expressed in the previous section. In what follows, we formally express the analytical terrestrial and aerial outage probabilities of downlink and uplink NOMA separately. 1) Downlink NOMA -Terrestrial and Aerial: By using the downlink terrestrial spectral efficiencies defined in (14) and (15) , and aerial spectral efficiencies defined in (16) and (17), the outage probability of users in aerial NOMA and terrestrial NOMA can be derived as in the following lemma.
Lemma 1: For a given channel realization of user i with the terrestrial path-loss |G t (d i )| and Rayleigh fading, the downlink outage probability for user i ∈ {1, 2} in terrestrial NOMA can be obtained as follows:
, and F Φi is given by (4) . Similarly, for a given large-scale channel realization |G a (h, r i )|, the aerial downlink outage probability for user i ∈ {1, 2} with Rician fading can be obtained as:
and F χi is given by (8) .
2) Uplink NOMA for Near User -Terrestrial and Aerial: Here, we derive analytical expressions for the outage probability of the near user in the uplink terrestrial and aerial NOMA.
Theorem 1: For a given channel realization of near user U 1 , i.e., |G t (d i )|, the uplink terrestrial NOMA outage probability denoted by P (noma,t) out,1 is analytically obtained by the following:
Proof: For a given channel realization of U 1 we have:
where y = Φ 1 and x = Φ 2 are exponentially distributed variables associated with U 1 and U 2 , respectively, and
By considering that x and y are uncorrelated random variables, we have
Theorem 2: For a given channel realization |G a (h, r i )|, the uplink aerial NOMA outage probability for U 1 denoted by P (noma,a) out,1 is analytically obtained by the following equation:
in which n i = 1+Ki Ωi , m i = 4Ki(1+Ki) Ωi , i = 1, 2, and Ψ is Tricomi Confluent Hyper-Geometric function and α 1 = (2 R th − 1)P 2 |G a (h, r 2 )|/P 1 |G a (h, r 1 )| and α 2 = (2 R th − 1)/P 1 |G a (h, r 1 )|.
Proof: See Appendix I. The following lemma obtains the uplink terrestrial and aerial outage probability of U 2 which is the farther user.
Lemma 2: For a given large-scale channel realization |G t (d 2 )|, the terrestrial uplink outage probability for U 2 is obtained as follows:
where α = (2 R th − 1)/P 2 |G t (d 2 )| and F Φ2 is given by (4) . Besides, for a given large-scale channel realization |G a (h, r 2 )|, the aerial uplink outage probability for U 2 is obtained as
where α = (2 R th − 1)/P 2 |G a (h, r 2 )| and F χ2 is given by (8) .
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we compare the performance of aerial and terrestrial NOMA and OMA for a variety of network parameters. Consider a circular area of radius 500 m. The noise power spectral density is assumed to be 10 −10 W/Hz, carrier frequency is 2.5 GHz, η LOS = 1.6, η N LOS = 23, and the coefficients a and b in (10) are 12.8 and 0.11, respectively. In all simulation scenarios, we consider the Rayleigh fading parameter λ i and the Rician fading power Ω i are equal to unity for i = {1, 2}. For each snapshot of the simulation, 100 users are considered to be randomly scattered in the cell area.
The distance of each user i to the BS (i.e., r i ) is a uniformly distributed random variable (i.e., r i ∼ U (0, R) in which R is the cell radius). By using order statistics, the PDF and CDF of the near and far users are obtained, respectively, as follows:
where f (r) = 2r/R 2 and F (r) = r 2 /R 2 are the PDF and CDF of uniformly distributed variable r ∼ U (0, R). Now, by averaging the conditional outage probability P noma out,1 (r 1 , r 2 ) of near user in uplink NOMA (25) and (26) over the joint PDF of r 1 and r 2 , we compute the outage numerically through standard mathematical software Mathematica.
Note that the ranked variables r 1 and r 2 are not independent; however, there dependence is relatively weak [17] . Therefore, we approximate the joint PDF f (r 1 , r 2 ) ≈ f (r 1 )f (r 2 
A. Validation of derived closed-form outage probabilities
Since the expressions in (23)-(28) are special cases of (26), we validate (26) through Monte-Carlo simulations. Fig. 2 depicts the outage probability P values of α 1 and α 2 . It is seen that the values obtained through derived expressions (shown by lines), exactly match those obtained through Monte-Carlo simulations (shown in circles).
B. Downlink NOMA: Terrestrial vs Aerial
In order to compare the performance of NOMA and OMA for user i, we define the performance gain of NOMA over OMA in aerial network η a as follows:
Evidently, if η a i > 0 it demonstrates the superior performance of NOMA over OMA, whereas if η a i < 0 OMA outperforms NOMA. Fig. 3 compares the performance of downlink NOMA for near and far users versus target spectral efficiency threshold (i.e., R th ) for different values of power allocation coefficient of near user a 1 . Surprisingly, we note that for aerial scenario, the far user always enjoys positive NOMA gain while the near user experiences negative NOMA gain. For example for R th = 1 and a 1 = 0.1, the NOMA gain of far user is 0.47, while that of the near user is only −0.09. For terrestrial scenario, no user experiences positive NOMA gain for rather low values of R th , and only near user can obtain reasonable NOMA gain for relatively high values of R th due to SIC. That is, due to the high interference in terrestrial scenario, far user can not generally benefit from NOMA, and the near user can only benefit from NOMA for rather high values of R th . As opposed to terrestrial network, we note that the far user in aerial downlink can benefit from NOMA for lower values of R th compared to the near user. The reason is low interference due to farther transmission distances and LOS transmissions. For some values of R th , the positive NOMA gain of far user notably dominates the negative NOMA gain of near user. Fig. 4 shows how the altitude of UAV and Rician K factor affect the performance of NOMA in aerial downlink scenario. We note that there always exists some optimal UAV height (i.e., h) for which users yield the best NOMA gain. For example, while it is seen that for K = 10, near user shows the best NOMA gain with h = 1200 m, the overall performance seems to be better at h = 1500 m, wherein near user and far user experience the NOMA gain of +0.45 and −0.08, respectively. Besides, it is seen that far user can benefit more from NOMA with higher values of K, i.e., stronger LOS.
C. Uplink NOMA: Terrestrial vs Aerial
Similar to Fig. 3 employed for the downlink NOMA, Fig. 5 compares the performance of uplink NOMA and OMA versus the target spectral efficiency threshold R th and different values of transmit powers for near and far users. Firstly, it is seen that unlike the downlink NOMA wherein the positive NOMA gain of one user mostly leads to the negative NOMA gain of the user, for the uplink scenario, both users can generally benefit simultaneously from NOMA for both terrestrial and aerial cases. It is also seen that increasing the transmit power of both near and far users in either of the aerial and terrestrial scenarios, results in the degradation of the performance of far and near user. Besides, since the far user in terrestrial network experiences very poor channel, as shown in the figure, such user can only benefit from NOMA for rather high values of the target spectral efficiency threshold. Fig. (6) shows the NOMA gain of uplink aerial scenario for different values of Rician K factor versus the altitude of UAV. Similar to the downlink scenario, it is seen that increasing the value of Rician K factor improves the performance of NOMA (by increasing the LOS strong component of signal). More specifically, for K = 1, far user receives negligible NOMA gain, while for K = 10, both users benefit from NOMA compared to the case for K = 1. It is also seen that the optimal height of UAV depends also on the value of K, i.e., for higher values of K, the LOS component of signal has more impact on the performance, and since the LOS probability increases with the height of UAV, it is seen that for higher values of K, the NOMA optimal performance is experienced on higher values of UAV altitude.
V. CONCLUSION
In this work, we provided theoretical expressions and numerical results to compare the outage performance of NOMA and OMA in aerial vs. terrestrial networks considering both the uplink and downlink scenarios. The comparison of NOMA gain for aerial networks and terrestrial networks was explored considering different parameters such as fading shape factor, transmit power level, target spectral efficiency threshold and UAV altitude. For example, it was shown through numerical results that the aerial network yields more NOMA gain for low values of the target spectral efficiency threshold, while 0 0 = Pr P 1 |G a (h, r 1 )|χ 1 P 2 |G a (h, r 2 )|χ 2 + 1 < 2 R th − 1 (33)
where y = χ 1 and x = χ 2 are the Rician fading variables associated with U 1 and U 2 , respectively and α 1 = (2 R th − 1)P 2 |G a (h, r 2 )|/P 1 |G a (h, r 1 )| and α 2 = (2 R th − 1)/P 1 |G a (h, r 1 )|. By considering n i = 1+Ki Ωi , m i = 4Ki(1+Ki) Ωi , C = n 1 n 2 e −(K1+K2) , and using the Taylor series of the Modified Bessel function of I 0 (x) = ∞ k=0 (x/2) 2k (k!) 2 , and by considering that y and x are Rician distributed random variables corresponding to U 1 and U 2 , respectively, (32) can be written as in the following. (k 2 − k 3 )! × Ψ k 1 + 1, k 1 + k 2 − k 3 + 2, (n 1 + n 2 α 1 )( α 2 α 1 ) .
